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Low  temperature  solid  oxide  fuel  cells  (SOFCs)  with  metal  oxide  composite  cathode  on  the 
ceria-carbonate  composite  electrolyte  have  shown  promising  performance.  However,  the  role  of  indi¬ 
vidual  elements  or  compound  is  seldom  investigated.  We  report  here  the  effect  of  the  ZnO  on  the 
physico-chemical  and  electrochemical  properties  of  lithiated  NiO  cathode.  The  materials  and  single  cells 
are  characterized  by  X-ray  diffraction,  scanning  electron  microscopy,  DC  polarization  electrical  conduc¬ 
tivity,  electrochemical  impedance  spectroscopy  and  fuel  cell  performance.  The  ZnO  modified  lithiated 
NiO  composite  materials  exhibit  smaller  particle  size  and  lower  electrical  conductivity  than  lithiated 
NiO.  However,  improved  electro-catalytic  oxygen  reduction  activity  and  power  output  are  achieved  after 
the  ZnO  modification.  A  maximum  power  density  of  808  mW  cm-2  and  the  corresponding  interfacial 
polarization  resistance  of  0.22  £2  cm2  are  obtained  at  550 °C  using  ZnO  modified  cathode  and  300  (Jim 
thick  composite  electrolyte.  The  single  cell  keeps  reasonable  stability  over  300  min  at  500  °C.  Thus,  ZnO 
modified  lithiated  NiO  is  a  promising  cathode  candidate  for  low  temperature  SOFCs. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  are  of  technological  interest  because  of 
their  high-energy  conversion  efficiency,  excellent  fuel  flexibility 
and  minimal  pollutant  emission  [1,2].  Great  efforts  have  been  made 
in  the  past  decades  to  lower  the  operational  temperature  to  reduce 
the  cost  and  component  degradation.  Electrolyte  material  is  a  key 
component  for  SOFCs,  which  determines  the  working  tempera¬ 
ture,  largely.  So  far,  the  major  work  has  been  focused  on  single 
phase  materials,  such  as  doped  ceria,  doped  LaGa03  perovskite  and 
BaCe03  based  perovskite  proton  conductor,  to  replace  the  conven¬ 
tional  YSZ  electrolyte.  However,  these  materials  still  suffer  one  or 
more  disadvantages  that  hinder  their  practical  uses.  For  example, 
electronic  conductivity  of  doped  ceria  in  the  reduced  atmosphere 
leading  to  lower  fuel  efficiency  [3]  and  high  reactivity  of  LSGM 
causing  the  materials  instability  [4].  More  importantly,  the  ionic 
conductivities  of  these  materials  are  still  much  lower  than  the  tar¬ 
get  values  of  0.1  S  cm-1  in  order  to  deliver  high  power  outputs  at 
600  °C. 
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In  parallel,  extensive  research  activities  on  ceria-carbonate 
composite  have  shown  that  ceria-carbonate  composites  are  poten¬ 
tial  electrolyte  materials  for  low  temperature  SOFCs  (300-600  °C) 
[5-14].  The  composite  electrolytes  possess  extreme  high  conduc¬ 
tivity  [7,9]  and  show  a  mixed  proton  and  oxygen  ionic  conductive 
property  under  fuel  cell  condition  [11].  These  two  reasons  lead  to  a 
maximum  power  density  of  ca.  1.15  W cm-2  at  500  °C  reported  by 
Raza  et  al.  [10].  More  recent  study  showed  the  ionic  conductivity 
of  ceria-carbonate  composite  is  stable  in  air  over  1500h  [13];  and 
single  cell  using  composite  electrolyte  and  optimized  electrodes 
presented  stable  performance  in  100  h  non-stop  measurement  [14]. 
These  achievements  have  further  promoted  the  ceria-carbonate 
composites  as  the  competitive  electrolytes  for  low  temperature 
SOFCs. 

For  most  studies  on  the  ceria-carbonate  composite  electrolyte 
based  SOFCs,  the  practical  cathode  materials  are  lithiated  NiO. 
Number  of  studies  has  proved  its  sufficient  activity  for  oxygen 
reduction  reaction  (ORR)  under  fuel  cell  conditions  [8-11].  How¬ 
ever,  the  gradual  dissolution  of  lithiated  NiO  into  the  molten 
carbonate  will  cause  progressive  deterioration  of  material  and  cell 
performance  [15,16].  Therefore,  alternative  cathodes  have  been 
explored  to  solve  or  relieve  this  challenging  issue  [14,17-19].  For 
example,  Zhang  et  al.  [14]  employed  Smo.sSro.sFeo.sCuo^O^  as 
cathode  and  reported  that  a  stable  performance  was  obtained 
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during  a  nonstop  lOOh  measurement.  However,  the  cell  perfor¬ 
mances  with  these  materials  are  much  worse  than  those  with 
conventional  lithiated  NiO  cathode. 

Recently,  a  series  of  functional  transition  metal  oxide  composite 
based  on  the  NANOCOFC  (nano-composites  for  advanced  fuel  cell 
technology)  concept  was  developed  and  evaluated  as  novel  elec¬ 
trodes  for  SOFCs  at  low  temperatures.  The  electrode  materials  are 
composited  by  metal  transition  oxide,  such  as  Fe203,  NiO,  CuO,  SrO 
and  ZnO.  Superior  performances  have  been  achieved  with  these 
composite  electrodes  [20-25].  However,  previous  researches  are 
focused  on  the  fuel  cell  performance,  the  role  of  the  individual  ele¬ 
ment  or  compound  is  seldom  studied  and  identified.  In  this  work, 
we  intentionally  choose  a  ZnO  modified  lithiated  NiO  composite 
oxide  for  its  high  cathode  activity  on  the  ceria-carbonate  compos¬ 
ite  electrolyte.  The  influences  of  ZnO  modification  on  the  crystal 
structure,  morphology,  electrical  conductivity  and  electrochemical 
properties  of  the  composite  cathode  for  low  temperature  SOFCs 
are  examined  experimentally.  The  short-term  stability  test  is  also 
carried  out. 


2.  Experimental 

ZnO  modified  lithiated  NiO  was  synthesized  by  solid-state  reac¬ 
tion  using  LiOH,  NiC03-2Ni(0H)2  and  ZnC03  as  the  raw  materials. 
The  transition  metal  salts  were  preheated  at  600  °C  for  2h  to  get 
the  oxides  (NiO  and  ZnO).  Then  stoichiometric  numbers  of  oxide 
and  LiOH  were  blended  thorough  with  pestle  and  mortar.  The 
molar  ratio  of  Li:Ni:Zn  was  1 :2:2.  The  mixtures  were  subsequently 
sintered  at  700  °C  for  3  h.  After  cooled  down  to  room  temperature, 
the  blank  powders  were  pulverized  for  further  use.  Lithiated  NiO 
was  prepared  by  mixing  LiOH  and  NiO  with  a  molar  ratio  of  1:1 
and  subsequently  sintered  at  700  °C  for  3h.  NiO  was  used  as  the 
anode  catalyst. 

Ceria-carbonate  electrolyte  composed  of  80wt.%  samarium 
doped  ceria  (SDC)  and  20  wt.%  (Li/Na)2C03  was  prepared  according 
to  the  procedure  described  previously  [11].  Composite  electrodes 
were  the  mixture  of  the  above  catalysts  and  composite  electrolyte 
in  the  weight  ratio  of  1.5:1. 

To  test  the  electrical  conductivity  of  lithiated  NiO  and  ZnO  mod¬ 
ified  lithiated  NiO,  pellets  were  prepared  by  dry-pressing  with 
a  diameter  of  13  mm  and  a  thickness  of  2  mm  and  sintered  at 
650  °C  to  achieve  sufficient  mechanical  strength.  The  electrical 
conductivity  was  measured  by  a  standard  DC  four-probe  tech¬ 
nique  on  the  Digital  Micro-ohmmeter  (KD  2531,  Shanghai,  China) 
between  600  °C  and  200  °C  in  air.  The  crystal  structures  of  the 
samples  were  characterized  using  a  Philips  X’pert  pro  super  Diffrac¬ 
tometer  (XRD).  The  powder  morphologies  and  compositions  as 
well  as  the  fuel  cell  microstructures  were  examined  using  scan¬ 
ning  electron  microscope  (SEM,  Zeiss,  Germany),  coupled  with 
energy-dispersive  X-ray  spectroscopy  (EDS)  unit  for  elemental 
analysis. 

Electrolyte  supported  SOFCs  (both  for  symmetrical  cells  and 
complete  single  cells)  were  prepared  by  one  step  uniaxial  dry- 
depress  using  a  load  of  300  MPa  into  pellet  in  a  configuration, 
electrode  [composite  electrolyte  [electrode,  as  reported  before  [12]. 
I-V  data  were  recorded  by  a  fuel  cell  tester  (SM-102,  Sanmu  Co., 
China)  under  different  resistance  loading.  Hydrogen  was  fed  into 
anode  chamber  at  flow  rate  of  100-1 20  ml  min-1.  AC  impedance 
spectra  were  measured  by  an  impedance  analyzer  VERASTA  4 
(Princeton  Applied  Research,  USA)  under  open  circuit  condition  at 
different  temperatures  (500-600  °C).  The  applied  frequency  range 
is  0.1  Hz-100  kHz  with  an  excitation  amplitude  of  20  mV.  The  spec¬ 
tra  curve  fitting  was  performed  using  the  ZSimpWin  Software 
(Princeton  Applied  Research,  USA).  All  data  were  collected  in  30  min 
after  the  desired  temperature  was  reached. 


3.  Results  and  discussion 

Fig.  1  shows  the  XRD  profiles  of  lithiated  NiO  and  ZnO  modified 
lithiated  NiO.  It  can  be  seen  that  the  diffraction  peaks  of  lithiated 
NiO  are  higher  than  those  of  ZnO  modified  sample,  suggesting  that 
higher  crystallization  was  achieved  for  lithiated  NiO  powder  after 
thermal  treatment.  All  peaks  of  the  lithiated  NiO  are  well  fitted 
to  Li0.68Nii.32O2  (JCPDS:88-1605).  While  for  ZnO  modified  oxide, 
peaks  belonged  to  ZnO  (JCPDS:89-0511)  are  also  detected  except 
the  crystal  phase  of  lithiated  NiO  (Li0  4Ni0i6O2,  JCPDS:81-0095).  The 
peaks  positions  of  Li0.4Ni0.6O2  shift  slightly  to  low  angle,  which 
could  be  interpreted  by  the  small  amount  of  Zn  doping  in  the 
lithiated  NiO  lattice  (up  to  10mol%  [26])  because  the  ionic  radius 
of  Ni2+  (0.069  nm)  is  smaller  than  Zn2+  (0.074  nm).  Besides,  one 
unknown  small  crystal  peak  (20  =  25-26°)  also  appears  in  the  ZnO 
modified  sample.  Therefore,  the  ZnO  modified  sample  is  mainly 
constituted  by  the  individual  metal  oxide  and  lithiated  nickel  oxide, 
which  is  consistent  with  previous  reports  [22-24].  The  SEM  images 
(Fig.  2a  and  b)  show  that  the  ZnO  modified  oxide  composite  exhibits 
smaller  particle  size  and  more  homogeneous  size  distribution  than 
ZnO  free  one.  The  mean  particle  sizes  are  150nm  and  300  nm  for 
ZnO  modified  sample  and  lithiated  NiO,  respectively.  It  can  be 
deduced  that  the  modification  with  ZnO  can  restrain  the  parti¬ 
cle  growth  of  lithiated  NiO.  Simultaneously,  the  smaller  particle 
size  would  offer  more  active  sites  for  electrochemical  reaction,  and 
thus,  enhance  the  fuel  cell  performance.  In  light  of  the  selected  area 
EDS  results  of  ZnO  modified  or  not  modified  samples,  as  displayed 
in  Fig.  2,  respectively,  the  powders  are  made  up  of  nickel,  oxygen 
and/or  Zn  atom,  ruling  out  incorporation  of  any  additional  impu¬ 
rities  during  the  sample  preparation  (Al  was  used  as  the  sample 
holder).  It  should  be  noticed  that  Li  cannot  be  detected  by  EDS.  The 
recorded  atom  ratio  of  Ni  and  Zn  in  the  composite  slightly  departs 
from  the  theoretical  value,  which  may  be  the  results  of  inadequate 
solid  state  reaction  time  and  reaction  temperature. 

Sufficient  electrical  conductivity  of  electrode  materials  could 
ensure  good  current  collection  and  power  output.  Thus  the  elec¬ 
trical  conductivity  measurements  were  performed  in  air  using  the 
DC  four-probe  technique,  and  the  results  are  shown  in  Fig.  3.  It 
should  be  noted  that  the  lithiated  metal  oxides  cannot  be  fully 
dense  because  of  the  volatilization  of  Li20  at  the  elevated  tem¬ 
perature  [27].  Sample  sintered  at  650 °C  can  reveal  the  in  situ 
electrical  conductivity.  The  conductivities  of  all  samples  grad¬ 
ually  increase  with  the  increase  of  temperatures.  The  In  (crT) 
shows  a  linear  relationship  to  1000 /T,  indicating  that  the  electrical 
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Fig.  1.  XRD  patterns  of  lithiated  NiO  [12]  and  ZnO  modified  lithiated  NiO. 
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Fig.  2.  SEM  images  of  (a)  lithiated  NiO  and  (b)  ZnO  modified  lithiated  NiO  and  their  corresponding  EDS  spectra  analysis. 


conductivity  behavior  follows  the  small  polaron  conductivity 
mechanism.  The  conductivity  of  lithiated  NiO  is  12.0 Son-1  at 
600 °C,  which  is  consistent  with  the  previous  report  [28].  Com¬ 
pared  with  lithiated  NiO,  the  conductivity  of  ZnO  modified  sample 
is  reduced,  only  3.2  S  cm-1  at  600  °C,  which  may  be  attributed  to  the 
electronic  block  effect  of  ZnO  in  a  constant  oxidation  state  and  the 
possible  reduced  conductivity  by  the  partial  doping  of  Li  into  ZnO 
lattice  [29,30].  Although  the  electrical  conductivities  of  these  sam¬ 
ples  are  far  from  the  standard  value  of  100 Son-1  [31],  and  they 
may  be  further  reduced  when  composited  with  electrolyte,  good 
performance  is  still  manageable  when  two  aspects  are  taken  into 
account.  One  is  that  the  electronic  and  ionic  conductivities  in  a  well 
matched  condition  for  these  composites,  which  together  determine 
the  final  cathode  performance  to  deliver  current  and  power  output 
for  the  fuel  cell  [25].  The  other  is  that  a  suitable  current  collector  can 
be  adopted.  Indeed,  some  novel  cathode  materials  for  SOFCs  with 


Fig.  3.  Electrical  conductivity  of  lithiated  NiO  and  Zn  modified  electrode  at  different 
temperatures. 


low  electrical  conductivity  still  showed  satisfactory  performance. 
For  example,  the  electrical  conductivity  of  the  cathode  alternative- 
double  perovskite  NdBaCo205+(5  is  10 Son-1  and  the  Co  site  Fe 
doped  NdBaCo2-xFex05+5  is  only  1  Son-1.  The  maximum  power 
densities,  however,  are  0.866  and  1.034  Won-2  at  1023  K,  respec¬ 
tively,  when  Ag  paste  was  employed  as  current  collector  [32].  In 
addition,  the  calculated  activation  energies  are  0.108  and  0.205  eV 
for  lithiated  NiO  and  ZnO  modified  cathode,  respectively. 

Impedance  measurements  were  performed  on  symmetrical 
cells  with  the  composite  electrode  in  both  sides  to  study  the  elec¬ 
trochemical  behavior  of  cathode  on  ceria-carbonate  electrolyte. 
Fig.  4a  and  b  shows  the  impedance  spectra  of  the  symmetrical 
cells  with  lithiated  NiO  and  ZnO  modified  cathode,  respectively.  To 
demonstrate  clearly  the  difference  in  electrode  polarization  behav¬ 
ior,  all  bulk  resistances  are  removed  from  the  impedance  data.  As 
can  be  seen,  all  the  impedance  spectra  are  characterized  by  the 
presence  of  one  high  frequency  loop  and  an  extension  at  low  fre¬ 
quency,  indicating  that  at  least  two  different  electrode  processes  for 
the  ORR.  The  high  frequency  loop  is  related  to  the  charge  transfer 
process.  Alternatively,  the  low  frequency  extension  or  tail  is  cor¬ 
responded  to  mass  diffusion  process  [33,34].  The  catalytic  activity 
of  electrode  is  major  determined  by  the  charge  transfer  process. 
In  order  to  get  the  more  accurate  values  of  the  different  processes, 
the  impedance  spectra  were  modeled  with  an  equivalent  circuit  of 
L-(R^QPE^)-(R2QPE2)  using  a  Zsimpwin  software  as  shown  the 
inset  of  Fig.  4c.  In  the  equivalent  circuit,  L  denotes  an  inductance  ele¬ 
ment  arising  from  the  stainless  steel  reactor  and  instrument  leads, 
Ri  is  charge  transfer  resistance  and  R2  is  the  gas  diffusion  resistance, 
and  QPE  is  constant  phase  element.  A  typical  fitting  result  for  the 
ZnO  modified  cathode  cells  at  600  °C  is  also  displayed.  The  fitted 
Ri  values  for  different  electrodes  are  shown  in  Table  1.  In  general, 


Table  1 

The  fitted  charge  transfer  resistance  of  lithiated  NiO  and  Zn  modified  electrodes  at 
different  temperatures. 


600  °C 

550°C 

500  °C 

Lithiated  NiO 

0.56 

0.97 

2.06 

Zn  modified  lithiated  NiO 

0.30 

0.61 

2.69 
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Fig.  4.  Electrochemical  impedance  plots  of  symmetrical  cells  with  (a)  lithiated  NiO  electrode,  (b)  ZnO  modified  electrode  measured  in  air  at  different  temperatures.  And  (c) 
a  typical  fitting  result  of  ZnO  modified  cathode  symmetrical  cell  at  600  °C  with  the  applied  equivalent  circuit  model  of  L(R \  QPE\  XR2QPE2 )  shown  as  an  inset. 


R 1  values  decrease  with  the  increase  of  operational  temperature 
for  both  samples.  As  can  be  seen  in  Table  1,  the  charge  transfer 
resistances  of  the  ZnO  modified  electrode  show  the  lower  values 
than  those  of  unmodified  electrode  at  550  and  600  °C,  exhibit¬ 
ing  0.61  £2  cm2  and  0.97  £2  cm2  at  550  °C,  respectively.  The  high 
catalytic  activity  of  ZnO  might  contribute  the  comparable  electro¬ 
chemical  performance  though  the  total  electrical  conductivity  is 
lower  [35].  Besides,  positive  contribution  onto  the  improved  triple 
phase  boundaries  due  to  the  reduced  particle  size  is  also  accounted 
for  the  enhanced  performance.  In  addition,  the  polarization  resis¬ 
tances  at  those  temperatures  are  still  higher  than  0.1 5  S  cm2  [36]. 
But  it  should  be  pointed  out  that  these  values  would  be  signifi¬ 
cantly  reduced  in  the  fuel  cell  condition,  or  especially  under  DC 
polarization  condition  [37].  Finally,  the  electrode  microstructures 


are  needed  to  optimize  because  the  mass  diffusion  resistance  will 
also  cause  big  loss  as  shown  in  the  low  frequency  tail  of  the  Nyquist 
plots. 

To  further  study  the  electrochemical  properties  of  the  ZnO  mod¬ 
ified  lithiated  NiO  cathode  in  fuel  cell  condition,  complete  fuel 
cells  were  fabricated  and  characterized  by  current  density-voltage 
and  current  density-power  density  (I-V  &  I-P)  characteristics  and 
electrochemical  impedance  spectra.  The  results  are  displayed  in 
Figs.  5  and  6.  Fig.  5a  shows  that  polarization  curves  of  fuel  cells  with 
different  cathodes  at  550  °C.  The  open  circuit  voltage  (OCV)  values 
were  0.97  V  for  lithiated  NiO  and  0.94  V  for  ZnO  modified  samples, 
somehow  lower  that  the  theoretic  thermodynamically  values  by 
Nernst  equation.  Gas  crossover  through  the  composite  electrolyte 
due  to  the  cold  powder  compacting  and  low  sintering  temperature 


Fig.  5.  Electrochemical  performances  of  single  cells  with  (a)  different  cathode  materials  at  550  °C  and  (b)  Zn  modified  cathode  at  different  temperatures. 


L.  Fan  et  al.  /  Journal  of  Power  Sources  203  (2012)  65-71 


69 


Fig.  6.  (a)  Typical  electrochemical  impedance  spectra  of  single  cells  with  ZnO  modified  cathode  at  600, 550  and  500  °C  under  OCV  conditions  and  (b)  the  electrode  polarization 
resistance,  electrolyte  resistance  and  total  resistance  contribution  derived  from  the  impedance  spectra. 


(600  °C),  which  could  leave  residual  pores,  would  result  in  such  low 
OCV  values.  The  OCV  value  of  single  cell  using  ZnO  modified  cath¬ 
ode  is  lower  than  that  using  the  lithiated  NiO  cathode.  However, 
the  maximum  power  density  of  single  cells  using  the  ZnO  modi¬ 
fied  cathode  (808  mWcnrr2  at  550  °C)  is  better  than  that  of  using 
the  unmodified  cathode  (795  mWcnrr2).  Performance  of  the  sin¬ 
gle  cell  using  ZnO  modified  cathode  at  various  temperatures  is  also 
shown  in  Fig.  5b,  reaching  maximum  power  densities  of  859,  808 
and  600 mWcnrr2  at  600,  550  and  500 °C,  respectively.  The  per¬ 
formances  reported  here  are  comparable  to  that  reported  by  Wang 
et  al.  [9]  using  lithiated  NiO  cathode,  but  higher  than  the  values 
reported  by  Zhang  et  al.  [14]  using  Smo.5Sr0.5Feo.8Cuo.203_5  cath¬ 
ode  and  Gao  et  al.  [19]  with  Lai_xSrxNiyFe1_y03_5  cathode  based 
on  the  same  fuel  cell  configuration  and  the  similar  ceria-carbonate 
electrolytes.  Therefore,  it  may  be  concluded  that  the  ZnO  modified 
lithiated  NiO  cathode  shows  acceptable  electro-catalytic  activity 
for  ORR. 

The  polarization  behavior  of  the  fuel  cells,  recorded  by  AC 
impedance  spectroscopy  at  different  temperatures  under  open- 
circuit  conditions,  is  displayed  in  Fig.  6a.  The  high  frequency 
intercept  corresponds  to  overall  ohmic  area  specific  resistance  (R0) 
of  the  cell,  including  charge  transport  resistance  of  the  electrolyte 
and  electrodes  and  contact  resistance  associated  with  interfaces, 
while  the  low  frequency  intercept  corresponds  to  the  total  area 
specific  resistance  (Rt).  Therefore,  the  difference  between  the  high 
frequency  and  low  frequency  intercepts  on  the  real  axis  represents 
the  total  interfacial  polarization  area  specific  resistance  (Rp)  of  the 
cell  [38].  The  R0  values  are  0.13,  0.14  and  0.16  £2  cm2  at  600,  550 
and  500  °C,  respectively.  Considering  that  the  electrolyte  ohmic 
area  specific  resistance  occupies  major  part  of  the  R0,  the  corre¬ 
sponding  DC  conductivities  (tx)  of  the  used  composite  electrolyte 
are  0.23,  0.21  and  0.1 9  S  cm-1,  respectively.  They  are  calculated 
from  equation:  cr  =  L/R0(A),  in  which  L  is  the  thickness  of  the  elec¬ 
trolyte.  The  excellent  conductivity  demonstrated  again  that  the 
ceria-carbonate  composite  is  a  promising  functional  electrolyte 
for  low  temperature  SOFCs.  As  expected,  the  increase  of  the  mea¬ 
surement  temperature  results  in  an  effectively  decline  of  the  total 
resistances  and  interfacial  polarization  resistance  (see  Fig.  6b),  typ¬ 
ically  from  0.42  and  0.26  £2  cm2  at  500  °C  to  0.31  and  0.18  £2  cm2 
at  600  °C,  respectively.  Besides,  it  can  be  seen  that  the  interfacial 
polarization  resistances  are  higher  than  the  ohmic  resistances  at 
the  whole  working  temperature  range.  For  instance,  the  total  resis¬ 
tance  of  the  cell  is  0.31  £2  cm2  while  the  Rp  accounts  for  only  58%  of 
the  total  cell  resistance  at  600  °C.  Therefore,  the  cell  performance 
is  essentially  determined  by  the  interfacial  polarization  resis¬ 
tance,  which  agrees  well  with  the  electrode  materials  study  trends 
[39]. 


Compared  with  the  polarization  resistance  of  the  ZnO  modi¬ 
fied  electrode  in  symmetrical  fuel  cell  measured  above  in  air,  see 
Fig.  4,  the  cathode/electrolyte  interfacial  polarization  resistance  is 
substantially  reduced  in  fuel  cell  condition.  As  can  been  in  Fig.  6a, 
there  are  two  depressed  arcs  contained  in  the  fuel  cell  impedance 
spectra.  Generally,  the  low  frequency  arc  is  related  to  the  cath¬ 
ode/electrolyte  interfacial  reaction  and  the  high  frequency  arc  is 
concerned  to  the  anode/electrolyte  interfacial  reaction  [40,41].  At 
the  whole  operational  temperature  range,  the  low  frequency  arcs 
show  similar  diameters  with  the  high  frequency  arcs,  suggest¬ 
ing  that  the  ORR  kinetics  in  ZnO  modified  lithiated  NiO  cathode 
is  close  to  the  hydrogen  oxidation  reaction  kinetics  in  Ni  anode, 
again  demonstrating  its  adequate  electrochemical  activity  at  this 
operational  temperature  range.  The  area  specific  charging  transfer 
resistance  at  550  °C  is  0.61  £2  cm2  in  air,  while  the  cathodic  interfa¬ 
cial  resistance  is  only  around  0.1 1  £2  cm2.  This  significantly  reduced 
polarization  resistance  may  be  explained:  (i)  the  ceria-carbonate 
composite  electrolyte  as  reported  show  a  hybrid  proton  and 
oxygen  ionic  conductive  property  [11,12].  In  some  case,  the  pro¬ 
ton  conduction  may  predominate  the  total  ionic  transportation 
[42],  while  the  introduction  of  proton  conduction  would  pro¬ 
mote  the  kinetics  of  electrode  and  interfacial  reaction  [5];  (ii) 
previous  work  showed  that  proton  can  transport  in  the  layered 
oxide  resulting  in  higher  cathode  catalysis  [43];  (iii)  the  elec¬ 
trical  conductivity  of  the  hydrogen-implanted  ZnO  increases  by 
four  orders  of  magnitude  [29],  which  may  effectively  decrease  the 
cathode  polarization  losses.  All  of  them  effectively  promote  the 


Fig.  7.  Stability  test  of  single  cell  using  Zn  modified  cathode  under  a  constant  resis¬ 
tance  at  500  °C. 
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Fig.  8.  SEM  images  of  the  fractural  cross-section  of  single  cell  with  Zn  modified  cathode  after  stability  test:  (a)  the  whole  cell  and  (b)  composite  cathode. 


cathode/electrolyte  interfacial  kinetics  for  ORR,  but  the  clarifica¬ 
tion  of  the  detailed  mechanism  requires  further  studies  by  more 
convictive  experiments. 

Fig.  7  shows  the  short-term  stability  measurement  for  the  fuel 
cells  with  ZnO  modified  lithiated  NiO  cathode.  The  fuel  cell  per¬ 
formed  at  the  minimum  resistance,  almost  close  to  a  short  circuit 
condition  by  delivering  a  beginning  current  density  of  1.9  A  cm-2. 
The  voltage  and  current  density  responses  are  reasonably  sta¬ 
ble  for  an  initial  test  period  of  200  min  at  500  °C,  while  fuel  cell 
with  lithiated  NiO  cathode  and  the  similar  electrolyte  decreased 
quickly  during  the  first  200  min  durability  test  [16],  where  the  obvi¬ 
ous  morphology  change  at  cathode/electrolyte  interface  caused 
by  the  dissolution  of  Ni  ion  conduced  to  the  degradation.  In  fact, 
Huang  et  al.  [26]  reported  that  the  ZnO  additive  has  a  strong  pos¬ 
itive  effect  on  the  reduction  of  NiO  solubility  in  carbonate  melts. 
It  is  worth  to  note  that,  after  the  fuel  cell  operation  was  inter¬ 
mittently  stopped  for  OCV  and  I-V  performance  measurements, 
the  maximum  current  density  was  improved  from  1.90  A  cm-2  to 
2.25  A  cm-2.  The  observed  fuel  cell  OCV  is  also  enhanced  relative  to 
before  testing  from  0.97  V  to  1.00  V.  These  results  suggest  that  the 
electrode/electrolyte  interface  and  the  microstructure  of  compos¬ 
ite  electrolyte  can  be  continuously  activated  during  the  operation. 
The  fuel  cell  was  then  operated  steadily  for  the  rest  1 00  min.  There¬ 
fore,  one  could  assert  that  the  ZnO  modified  lithiated  NiO  cathode 
can  keep  essentially  stable  at  fuel  cell  condition  and  show  reliable 
bonding  with  ceria-carbonate  composite  electrolyte  with  reduced 
polarization  losses.  Although  the  result  is  encouraging,  more 
extended  long-term  stability  testing  is  obviously  needed  in  future 
work,  taking  into  account  its  great  importance  in  practical  interest. 

Fig.  8a  and  b  shows  the  SEM  images  of  the  cross  sections  of 
single  cell  after  the  stability  tests.  The  cell  preserves  good  geomet¬ 
ric  integrity  without  any  delimitation  or  crack  between  respective 
layers  after  stability  test.  A  good  bond  between  electrolyte  and  elec¬ 
trodes  will  ensure  high  fuel  cell  performance  as  a  result  of  the 
effectively  improved  interfacial  properties.  In  fact,  the  interfacial 
thermal  stress  has  been  significantly  reduced  at  lower  temperature 
compared  to  high  working  temperature  (above  600  °C).  In  addition, 
the  existing  of  carbonate  in  our  system  may  act  as  lubricants  to 
adjust  the  interfacial  thermal  stress  difference.  Also,  an  idea  cath¬ 
ode  microstructure  (moderate  porosity  and  well-necked  particles) 
is  observed,  see  Fig.  8b,  which  will  supply  convenient  channels  for 
rapid  gas  phase  and  charge  transport  in  cathodic  electrochemical 
process.  Therefore,  the  excellent  performance  is  also  ascribed  to 
the  optimized  cathode  microstructure  and  well  bonded  interfaces. 

4.  Conclusions 

In  summary,  lithiated  NiO  was  modified  by  ZnO  and  applied 
as  cathode  for  low  temperature  SOFCs  with  ceria-carbonate 


composite  electrolyte  and  its  performance  was  evaluated  by 
various  techniques.  Though  the  electrical  conductivity  of  Zn 
modified  lithiated  NiO  is  low,  the  oxygen  reduction  capability 
and  fuel  cell  performance  are  similar  to  or  even  better  than 
those  of  lithiated  NiO  because  of  the  improved  oxygen  reduction 
activity  and  reduced  particle  size.  A  maximum  power  density 
of  808mWcm-2  was  achieved  at  550  °C.  Stable  performance 
was  proved  over  a  300  min  duration  test.  All  results  suggested 
that  ZnO  modified  lithiated  NiO  composite  is  a  potential  cathode 
material  for  ceria-carbonate  composite  electrolyte  based  SOFCs. 
Results  presented  here  also  indicate  that  NANOCOFC  approach  is  a 
prospective  solution  to  explore  the  super-performance  electrode 
materials  and  advanced  generation  for  low  temperature  SOFCs. 
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